ABSTRACT: Two Calanus helgolandicus cohorts were reared under laboratory conditions (150 l tanks) at 15°C with the dinoflagellate Prorocentrum micans as food, at high (278 µg C l -1 , Cohort H) and low concentrations (77.5 µg C l -1 , Cohort L), respectively. The study focused on the copepodite stages and for each stage, development time, total and structural growth rates, ingestion rate and gross growth efficiency were estimated. The growth rate of each stage was estimated using 2 methods, the classical one (Method I) and a new method (Method II), which considers the initial weight of the 2 successive stages rather than their mean weights. The initial weight corresponds to that estimated at the day (t ini ) when 50% of the individuals in the cohort entered the stage. Using the new method, the increase in lipid deposition through copepodite stages (increase of the C:N ratio from 4.3 up to 4.7 and 6.9 in Cohorts L and H, respectively) and the effect of food concentration on the growth rate from early CI to CV are clearly shown in the values of the growth rates (the CV growth rate in terms of carbon was 0. in Cohort H). Female weight increase after moulting, by up to ~60% in Cohort L and ~40% in Cohort H, is also demonstrated by the new method. Using Method II on field data is however limited to some specific cases in which the cohort development is synchronous; this might be particularly the case for some large copepods. Food supply influences the development time of stages CIV and CV, and differences are also found in the development time of each stage indicating a non-isochronal development. Food concentration also influences the gross growth efficiency (GGE) of all copepodite stages, with significantly higher GGE at the low food concentration. 
INTRODUCTION
In marine ecosystems, copepods are a key component of the zooplankton community and an important part of the diet of larval fish. The growth rate of each copepodite stage is frequently determined to calculate the production of a population (McLaren et al. 1989 , Peterson & Hutchings 1995 , Hopcroft et al. 1998a , Escribano & McLaren 1999 . To explain the variability observed in the field among growth rates measured on different dates or in different areas, the relationship between growth rates and environmental variables, e.g. temperature, food concentration, food quality, is often investigated (Peterson et al. 1991 , Hopcroft et al. 1998b , Richardson & Verheye 1998 , Calbet et al. 2000 . A common method to calculate the growth rate of 1 stage is based on an assumption of exponential growth and on the determination of 3 different parameters, namely, the duration of the stage, its weight and that of the next stage. Many laboratory and field studies have reported the influence of stage duration on calculation of growth rate (Burkill & Kendall 1982 , Landry 1983 , Corkett 1984 , Miller et al. 1984 , Kimmerer & McKinnon 1987 , Peterson & Painting 1990 , Klein Breteler et al. 1994 , Jellison et al. 1995 , which contrasts with the small number of studies addressing the influence of the weight determination on this calculation (McLaren & Leonard 1995 , McKinnon 1996 . Several mathematical models coupling growth and development have pointed out the contribution of growth within stage to population production (Carlotti & Sciandra 1989 , Carlotti & Nival 1992a , Miller & Tande 1993 . These models showed that the growth curve built from averaged weights within stage did not represent the optimal growth curve due to laggards (Carlotti & Sciandra 1989 , their Fig. 4, Carlotti & Nival 1992a ). Thus, the estimation of growth greatly depends on the weight used for the calculation, hence on the sampling strategy to obtain these values.
The objective of this study was to compare 2 methods of growth rate calculation in the particular case of a synchronous cohort development: one using weight increase between stages, the other weight increase within stage. This allowed us to demonstrate how the use of the classical method can mask some important results such as the influence of the food quantity on its measurement. The analysis is based on experimental data obtained on 2 cohorts of the copepod Calanus helgolandicus, one reared with a low algal supply and the other with a high algal supply. The accuracy of our data also allowed us to estimate the growth occurring in the somatic and reproductive tissues of the females, just after moulting, which has rarely been reported in the literature (McKinnon 1996 , Hirst & McKinnon 2002 .
MATERIALS AND METHODS
Experimental set-up. Two cohorts of Calanus helgolandicus were isolated in June 1998, the second one 20 d after the first one. According to the results of Rey et al. (2001) , the fact that both cohorts did not originate from the same spawning event does not have a significant effect on subsequent growth. To start a cohort, females collected from Stn L4 (50°15' N, 4°13' W), approximately 10 km off Plymouth, western English Channel, were placed in several 2.5 l Plexiglas cylinders with a 400 µm mesh false bottom, suspended in 4 l beakers filled with 0.8 µm filtered seawater. After 12 h, 5000 eggs were transferred into two 15 l glass beakers previously filled with filtered seawater and provided with a suspension of Prorocentrum micans at an algal concentration of 200 cell ml -1
. From hatching to Stage CI, the food concentration was checked every 12 h and the amount of algae consumed by the population was replaced. Once the majority had reached copepodite stage CI, 3500 individuals were transferred to a 150 l polyethylene tank filled with a suspension of P. micans.
The 2 cohorts were reared at 2 different Prorocentrum micans concentrations. The first cohort was reared at a high food level (initial concentration fixed at 180 cell ml -1 , Cohort H), whereas the other cohort was fed at a lower concentration (50 cell ml -1 , Cohort L). Both cohorts were maintained at 15°C. Every 2 or 3 d, the debris from the bottom of both 150 l tanks was siphoned off in order to remove dead animals, moults and faecal pellets that had accumulated. This also allowed 10 to 20% of the incubation medium to be renewed.
Condition of the medium. Once a day, a certain volume of the medium (1.1 l in Tank L and 0.7 l in Tank H) was sampled just after the phytoplankton concentration was restored to its initial level. This sample was divided in 3, filtered onto ashed glass fibre filters (Whatman GF/F) and stored at -25°C for later analyses. One filter was used to estimate the chlorophyll concentration with a fluorometer (Turner Design) and the 2 others, to estimate particulate organic carbon and nitrogen using a Carlo Erba Elemental Analyser (model NAI500). Every 12 h (at 09:00 and 21:00 h), the cell concentration of Tanks H and L was estimated with triplicate cell counts made with a Coulter Multisizer, fitted with a 100 µm orifice tube, and the phytoplankton ingested by the copepods was replaced. The dinoflagellate Prorocentrum micans (26.6 µm equivalent spherical diameter) was grown in a 10 l semichemostat at 15°C using f/2 medium (Guillard 1975) under a 12:12 h light:dark cycle. Cell carbon and nitrogen contents were measured from aliquots of predetermined cell concentration at different times during the study. The algal sample was filtered onto ashed glass fibre filters and stored at -25°C for later analyses.
Development, length and weight measurements. The development of each cohort was followed by sampling approximately 30 living animals every day from the tank and preserving them in 4% borax-buffered formaldehyde for later analysis. Stage duration was estimated on cumulative frequencies of individuals using the Peterson & Painting (1990) method without any data transformation. The initial time t = 0 was defined as the time when 50% of eggs were spawned. The cephalothoracic length of the preserved animals was also measured.
Copepodites were sampled daily after a gentle but thorough mixing to estimate their carbon and nitrogen content. Unfortunately, due to technical problems, samples collected between Days 16 and 19 in Cohort H were lost. Individuals collected from a sample were grouped by stage, rinsed in filtered seawater and placed on a GF/F filter in order to absorb the water and immobilize them. Finally, they were transferred to an ashed aluminium cup and stored at -25°C for later analysis with a Carbo-Erba Elemental Analyser. The number of individuals per sample was 20 for CI, 15 for CII, 10 for CIII, 5 for CIV, and 1 for CV and adults. The number of replicate samples per day for each stage varied but it was usually 2 or 3.
Growth rates. One of the aims of this study was to determine the importance of the method of growth rate calculation in order to highlight the factors influencing growth rates. Therefore, 2 methods were used to calculate growth rate (k), one of which is common in the literature (McLaren et al. 1989 , Peterson et al. 1991 , Peterson & Hutchings 1995 , Hopcroft et al. 1998b ) and one that we developed in this study.
The first method (Method I) is:
where W i or (W i +1 ) is the mean weight of copepodite stage i or i + 1 (µg C), and D i is the duration of stage i (d).
With this method, values of weight correspond either to the mean weight (Harris & Paffenhöfer 1976 , Escribano & McLaren 1999 , or to an estimate based on an allometric relationship between length and weight (Klein Breteler et al. 1982 , Fryd et al. 1991 , Peterson et al. 1991 . The objective of Method I is to represent the mean growth pattern of all the individuals of the cohort. However, some assumptions in this method can be criticized: (1) the growth rate of 2 successive stages can vary significantly. Therefore, the growth rate of stage (i) as it is calculated in Eq. (1), i.e. by taking into account mean weight characteristics of stages (i) or (i +1), does not precisely reflect the weight increment of this stage but the increase and growth between stages; and (2) another weakness of Method I comes from the fact that in theory, the mean weight of a stage in Eq. (1) should be equal to the mean weight measured on each individual of the cohort at the middle of the stage considered, but this measurement may be inappropriately measured in the field.
We have developed another method (Method II) to calculate growth rates of reared cohorts (see Table 1 ) because of the potential problems of Method I. It is based on the determination of the initial weight (W ini ) of cohort individuals at the entry to a stage, which means the weight at the day (t ini ) when 50% of individuals entered the stage. The growth rate of the stage i is still calculated with Eq. (1), but the weights considered in this expression are the initial weights of the stages i and i + 1. To estimate W ini for the stage i, first the mean weights for each of the sampling days are calculated; second, an exponential curve must be fitted to the data; and third, W ini is calculated by using the equation established for the date (t ini ). The growth rate found with this method obviously represents individuals that have rather high growth rates compared to those of all the cohort individuals because W ini characterizes the first 50% of the individuals ahead of the cohort development.
For this study, in the case of Stage CI, we have assumed that W ini was equal to that calculated in the experiments of Rey et al. (2001) because we could not determine t ini (as data were not available). This assumption is based on the fact that the conditions during naupliar development in both these studies were the same (except that the food concentration was even higher in the present study since food was provided twice a day and only once in Rey et al. 2001) . We have also assumed that W ini of the CI was equal to the value obtained by Rey et al. (2001) , since in this study the weight was estimated from individuals collected on the first day of their entrance to the stage. This approach was used because in our present study we did not estimate the weight of the CI at the beginning at this stage.
To have a precise estimate of the CV growth rate, we needed to modify Method II for this stage. Originally, the growth rate of CV calculated with Method II used the initial weights of the CV and of the females. However, the weight of the CV at the end of the stage was much higher than that of the females at the beginning of the stage. Therefore, we present a better approach for calculating the CV growth rate, by using its weight at the beginning and at the end of the stage. The exit weight of CV (W fin ) was calculated from the same equation that was used for estimating W ini but on the date at which 50% of the cohort individuals left the stage.
Wax ester contents and structural growth rates. The preserved copepods were also used to estimate the lipid content of Stages CIV, CV and adults by measuring the volume of their oil sac (for details see Rey et al. 1999) . It is important to emphasize that the CIV and CV individuals used to estimate the lipid content were those sampled on the day of their respective mid-stage. The volume (in ml) was transformed into wax ester (in g C) by (1) multiplying it by the density of 0.86 g ml -1 (Sargent & Henderson 1986) , (2) multiplying it by the ratio of the carbon content in wax ester of 0.78 (from Table 2 .3 of Sargent & Henderson 1986) , and (3) dividing it by 1.44, a conversion factor coming from the fact that the wax ester content estimated from the oil sac volume was found to be 1.44 higher than that estimated from a calibrated Iastroscan determination, in Miller et al. (1998, from their Fig. 6 ).
To calculate the structural growth rate, we estimated for each stage the fraction of the initial weight due to wax ester, which corresponds to the wax ester content on the date when 50% of the individuals in the cohort entered a stage (W WE,ini ). For Stages CI to CIII of both cohorts, we assumed that W WE,ini was 0 since lipid deposition is known to start during CIII . For both cohorts, exponential and linear equations were fitted to wax ester contents measured directly at the mid-stage of CIV and CV. Hygum et al. (2000) found that wax ester deposition from CIII to the end of CV was better represented by a linear model, especially in the case of a cohort reared with a low food supply. However, we decided to use the exponential equation for the estimation of the W WE,ini of Stages CIV and CV at t ini of both these stages, and to use the linear equation to estimate the wax ester content at the end of Stage CV (W WE,fin , i.e. when 50% of the individuals left the stage). This was done because we would have found negative values for the W WE,ini of CIV if we had used the linear equation and because lipid increment appears to slow down especially during the second half of CV in Hygum et al. (2000) .
The structural weight of each stage was determined from the initial weight (and final weight in the case of the CV) expressed as total carbon minus the carbon contribution from wax ester. The structural growth rates were calculated using Method II applied to the structural weights.
Ingestion experiments and gross growth efficiency. The ingestion of each copepodite stage was estimated by collecting animals on the day when the first individuals of a new stage were found. In other words, this means that our ingestion rates have been estimated for the fastest-growing individuals. Groups of individuals (10 for CI and CII, 7 for CIII, 6 for CIV and 4 for CV and adults) were placed in glass bottles (1.5 l for CI and CII and 2.5 l for CIII to adult) filled with filtered seawater and provided with the same algal concentration as in the 150 l tanks. Four replicates and 4 controls were placed on a rotating wheel for 24 h. The cell concentration at the beginning and at the end of the experiments was measured using a Coulter Multisizer. Filtration and ingestion rates were calculated following Frost (1972) . The gross growth efficiency (GGE) of a given stage was calculated by considering its growth rate determined using Method II divided by its specific ingestion rate (i.e. the ingestion rate divided by the initial weight).
Statistics. Lengths were compared using parametric Z-tests after testing for homogeneity of the variances, as were the log-transformed values of weights. ANOVA followed by Tukey tests (for multiple comparisons) were done on the log-transformed values of ingestion rate in order to compare values found for the different categories of stages of 1 cohort. Finally, the linear regressions found for each cohort between the logarithmic values of the ingestion rates versus the logarithm of the initial weights were analyzed using covariance analyses.
RESULTS

Nutritional conditions
The average chlorophyll concentration was 0.79 µg chl a l -1 for Cohort L and 3.09 µg chl a l -1 for Cohort H (Fig. 1 ). Multiplying cell counts by the average content per Prorocentrum micans cell (2803 g C and 383 pg N), we found a mean carbon concentration of 77.5 and 278 µg C l -1 for Cohorts L and H, respectively. Particulate organic carbon and nitrogen concentrations (filled symbols in Fig. 1C-F) , the values were higher than those calculated by considering the average carbon and nitrogen per cell (open symbols in Fig. 1C-F ). This was due to an accumulation of detritus despite the cleaning process (e.g. broken fecal pellets), and it is assumed that this part of the particulate fraction was not used by the developing cohorts.
Cohort analysis
As expected, the duration of stages, estimated from the cumulative stage frequencies (Fig. 2) , was the same from egg to CI for both cohorts because the food concentration only differed after Stage CI (Table 1) . For Stages CII to CV, the development was not isochronal: in both cohorts, the duration of CII and CIII (also the duration of the CIV in the case of Cohort H) was similar, but the duration of CV was markedly longer than the others. The development times of Stages CIV and CV in Cohort L were longer than those in Cohorts H. Another important observation concerns the sex ratio found at the end of the development of both cohorts. The percentage of males was 15% in Cohort H whereas it was 0 in Cohort L. Because of this lack of males, the females we found in our cultures were mostly unfertilized, at least during the first week of the adult appearance. The results presented in this paper on the weight, length and ingestion rates of females are those obtained from unfertilized females.
Weight measurement
For the copepodite stages, carbon and nitrogen content increased both within stage and between successive stages (Fig. 3) . We observed a certain overlap between the values for 2 successive stages within the same cohort (e.g. between the carbon and nitrogen content of Stages CIV and CV of Cohorts L and H). Growth, in terms of carbon or nitrogen, appears to follow an exponential rule within a stage, even if growth slows down in the case of CV in both cohorts (also CIV in the case of Cohort L). In the case of females, their initial weight was rather low compared to the late Stage CV, which suggests a significant catabolism during the final moulting process. We also observed an increase with time in the carbon content of these females. In terms of nitrogen, this increase was evident only for females of Cohort L. As expected, the mean weight increased exponentially with stage (Table 2) . Values for stages of Cohort L were always . The weight of males from Cohort H was measured on 1 day only, and on this date the mean weight was not different from that of females on the same day.
Growth rate
Using Method I, we can see a general decrease in growth rate values throughout the stages but with a peak at Stage CIII (Table 3) . Rates for Cohort L were usually lower than those for Cohort H although this was not true for CV. For each stage, growth rates calculated either from carbon or nitrogen weights were rather similar. After determining the initial weight W ini for each stage (Table 2) , the values of growth rates found with Method II were compared to those found with Method I (Table 3 ). In both methods trends were similar: rates decreased from CIII to CV and rates for Cohort L were lower than those for Cohort H. However, with Method II, the growth rates calculated from carbon weights of CIII were always higher than those estimated from nitrogen. Also, fluctuations between rates of Stages CI to CIII were smoothed with Method II, which certainly reflects a more realistic scenario. For Stages CIV and CV, rates found with Method II were usually higher than those with Method I, and differed by up to 232% in the case of CV at high 130 Table 2 . Calanus helgolandicus. Mean and initial carbon (C, in µg C) and nitrogen (N, in µg N) content. Mean weights were calculated from all the data available for each copepodite and adult stages of Cohorts L and H. Initial weights were calculated from exponential equation at the date (t ini , available from data of Table 1 ) when 50% of the individuals of the cohort entered each of the stages from CII to female (Method II). For the particular calculation of the CI weight see the text. The SD is indicated after the mean value, and the number of replicates are provided between parentheses. PF: probability that variances are equal (homoscedasticity); PZ: probability that the log-transformed values of the mean weight for 1 given stage are equal. The variances or the log-transformed values of the mean weights that are found significantly different (or not) at the 5% level are indicated by s (or ns) food concentration. This underlines the importance of the choice of method in the growth rate calculation, even if differences between both methods are lower when the growth rates of the different stages are pooled (Table 3 ). In the case of growth rates found with Method II for CIII and CIV of Cohort H, the estimation was less accurate due to a gap in the weight measurements in both these cases (Fig. 3) . This is particularly true for Stage CIV, for which the W ini was calculated from an exponential equation fitted on 2 sampling days only (and 3 weight measurements originally). For Stage CIII, things were different since it was the weight at the end of the stage that was not well sampled. In other words, the equation required for the determination of the W ini was fitted mostly to weight data found at the start of the stage, which means that our value of W ini was undoubtedly accurate enough to provide an adequate estimate of the CIII growth rate.
131 Table 3 . Calanus helgolandicus. Specific carbon (total carbon: C; structural carbon: C-struct) and nitrogen (N) growth rates (d 
Fig. 3. Calanus helgolandicus. Carbon and nitrogen content per individual for copepodite and adult stages from the Cohorts L (low food concentration) and H (high concentration). The day t = 0 is defined as the time when 50% of eggs were spawned
The growth rate of the females was calculated in a simple way by fitting an exponential curve to the whole data set of the female weights (Fig. 3) . In fact, the growth seems to be linear rather than exponential. However, we preferred to use the exponential fitting in order to obtain female growth rates in the same units as those for the copepodite growth rates. The female growth rates from Cohort H (from carbon and nitrogen data: 0.044 and 0.030 d ) but rates were probably underestimated since the recruitment of the females was not synchronous. The last females sampled to determine their weight could have been either old females that moulted earlier or new females that had just entered the stage.
Wax ester content and structural growth rate
The increase in wax ester content between midstages CIV and CV was higher for Cohort H (mean ± SD: 7.52 ± 5.22 µg C for CIV and 32.28 ± 16.46 µg C for CV) than for Cohort L (5.15 ± 4.45 for CIV and 15.63 ± 15.87 for CV). The exponential and linear equations that relate the 2 mean values found for the CIV and CV in both cohorts were estimated: The W WE,ini of CIV and CV was estimated from the exponential equation of Cohorts H and L whereas the W WE,fin of CV was estimated from the linear equation.
The structural growth rates of CIV and especially CV were much lower than the total growth rates (Table 3) , which emphasizes the considerable amount of wax ester accumulated during these stages.
Body size and allometric relationships
The cephalothoracic length measurements (Fig. 4) indicated that, from CII to adult, copepods in Cohort H were always significantly larger than those in Cohort L (p always < 0.05). The males, found only in Cohort H, were significantly smaller than the females. Allometric relationships between mean weights (in µg C or µg N) and lengths (in µm) were calculated from total and structural body mass of carbon and total body mass of nitrogen by taking into account data from both cohorts together (Fig. 4C ).
Ingestion and gross growth efficiency
Absolute ingestion rates of both cohorts increased significantly through successive stages in terms of both carbon and nitrogen (Table 4 , ANOVA) although specific ingestion rate declined with increasing copepod size (Fig. 5) . Ingestion rate was significantly affected by Prorocentrum micans concentration, both in absolute terms (Table 4 , ANCOVA -as indicated by the different intercepts) and on a weight-specific basis (Fig. 5) . From Stage CI to CIII, GGE values in terms of carbon (GGE C ) or nitrogen (GGE N ) were almost stable but significantly higher in Cohort L than H (Fig. 6) . From Stage CIV to CV in Cohort L, GGE values decreased whereas they remained relatively stable in Cohort H. We can also see that values of GGE C were generally lower than those of GGE N .
DISCUSSION
Methodology
As Hopcroft et al. (l998b) stated: 'it is nonetheless frustrating that numerous studies purporting to explore ''growth'' actually report only stage specific development'. It is quite remarkable to see how many studies have been done comparing methods to estimate development time in contrast to the few checking the influence of the weight in Eq. (1) (as in 'Materials and methods', but see 'Introduction' for references).
In our study, we have used a new, more accurate approach to calculate the growth rate of the different copepodite stages in order to determine the influence of food quantity during growth. By using this approach we were able to characterize some important physiological phenomena, which would have been missed by using the classical method. First, Method II enabled the fluctuations found with Method I among rates of Stages CI to CIII to be smoothed, which corresponds certainly to a more realistic scenario. Second, from Stages CIII to CV, Method II estimated growth rates in terms of carbon, which were always higher than those in terms of nitrogen, reflecting the importance of lipid Table 4 . Calanus helgolandicus. Ingestion rate expressed in terms of carbon (µg C ind.
-
) or nitrogen (µg N ind.
-1 d -1 ) of each copepodite and adult stage of the Cohorts L and H. Each mean value is calculated from 4 replicates and is followed by the SD. ANOVA followed by Tukey tests (for multiple comparisons) were done on the log-transformed values of ingestion rate in order to compare values found for the different categories of stages of 1 cohort. The linear regressions found for both cohorts between the logarithmic values of the ingestion rate and the initial weight of each stage were compared (slopes and the ordinate) using ANCOVA. s and ns: slopes (or ordinates) of both cohorts are significantly different or not at the 5% level
.2 ± 0.1 2.1 ± 0.1 5.1 ± 0.8 11.4 ± 4.1 17.0 ± 2.3 22.7 ± 2.3 p < 0.000 CI < CII < CIII < CIV < CV-F Cohort H 3.9 ± 0.4 6.0 ± 1.2 11.6 ± 3.2 32.5 ± 4.8 26.6 ± 9.2 54.3 ± 8.3 p < 0.000 CI -CII < CIII < CIV -CV < F ANCOVA Slopes --------ns p = 0.06 --------Ordinates --------s p = 0.001 --------N Cohort L 0.2 ± 0.0 0.3 ± 0.0 0.7 ± 0.1 1.6 ± 0.6 2.3 ± 0.3 3.1 ± 0.3 p < 0.000 CI < CII < CIII < CIV < CV -F Cohort H 0.5 ± 0.1 0.8 ± 0.2 1.6 ± 0.4 4.4 ± 0.7 3.6 ± 1.3 7.4 ± 1.1 p < 0.000 CI -CII < CIII < CIV -CV < F ANCOVA Slopes --------ns p = 0.06 --------Ordinates --------s p = 0.001 -------- synthesis during these stages. This phenomenon was masked with Method I, especially in the results for CV, where higher growth rates were found in terms of nitrogen than of carbon (when the opposite is expected because of a high lipid deposition at this stage). Third, growth rates for Stage CV in terms of carbon were rather similar in both cohorts with Method I (0.041 d -1
for Cohort L and 0.035 d -1 for Cohort H), whereas rates were markedly different with Method II (0.063 d -1 for Cohort L and 0.115 d -1 for Cohort H), which means that the effect of food supply on growth was only apparent with Method II. Method I tends to underestimate the growth rate of CV because the growth of the female (somatic plus reproductive growth, i.e. due, in the latter case, to gonad and egg formation) is much lower than for CV. In other words, the more the growth rates of 2 successive stages differ, the more inaccurate is Method I.
The importance of food concentration for explaining variability in production in the field has been discussed for some time (Mayzaud & Poulet 1978 , McLaren & Corkett 1978 . Some authors argue that the importance of this factor in situ is masked since the weaker individuals, which have grown slowly, are eliminated from the population because of higher mortality rates (natural or due to predation; Lopez 1991 , Carlotti & Nival 1992b . However, the use of an unsuitable method to calculate the growth rate, especially for CV, can also mask the influence of food quantity in the field, principally in the case of large copepod species known for their substantial lipid synthesis at this stage. One could say that these methodological aspects can be neglected because the main differences between both methods are mainly found for 1 stage, namely CV. However, when comparing the production of each stage, that of CV is usually most important; this is why in some studies, production is estimated only by considering Stages CIV and CV (Peterson et al. 1991 , Peterson & Hutchings 1995 . In such cases, the use of an accurate method to estimate the CV growth rate becomes particularly significant.
In the case of an asynchronous cohort, the animal's ages are relatively evenly distributed within the stage, and the animals that are sampled for estimating weight provide a rather adequate value of the mean weight. However, even though Method I might be convenient for estimating growth rates in the field, there is still the problem that, in Eq. (1), the growth rate of Stage i found with this method is dependent not only on the characteristics of Stage I but is also the result of mean weights W i and W i + 1 and of the duration D i (see 'Materials and methods'). For this reason, McLaren & Leonard (1995) suggested that it was better to use the duration between the mid-stage i and i +1 since it was in fact the adequate duration during which the weight increment occurred (see also Escribano & McLaren 1999) . For Stage CV, McLaren & Leonard (1995) assumed that D i is half the duration of Stage CV, since they neglected the growth of the female. If we apply this change to the CV in our data, we obtain growth rates twice those found with Method I, but still the influence of food concentration is not apparent in the results.
Using Method II on field data is limited to copepod populations with a recruitment period short enough to follow the development of the cohort throughout the successive stage (synchronous cohort); this is true for a number of large calanoid copepods. However, when this condition is encountered, the use of Method II is also limited by the high number of samples required to follow the weight increase within a stage. proposed a method to calculate the growth rates for large calanoids that is similar to our Method II since they considered in Eq. (1) the initial weights of the 2 successive stages. In their study, the authors estimated the initial weight by considering that it was equal to the weight of newly moulted individuals. However, the method by does not provide a good estimate for the growth rate of the CV since it does not consider the final weight of the CV but the initial weight of the female. It is also important to keep in mind that Method II tends Fig. 6 . Calanus helgolandicus. Gross growth efficiency of copepodite Stages CI to CV of Cohorts L and H expressed in terms of (A) carbon or (B) nitrogen. The growth rates found with Method II were used to calculate gross growth efficiency to provide growth rates in the upper range of those of all the cohort individuals since they characterize the first 50% of the individuals ahead of the cohort development.
Effects of the food level on the cohort
In agreement with the findings of a number of authors (Vidal 1980 , Diel & Klein Breteler 1986 , Escribano et al. 1997 , the development time of the first 3 copepodite stages was not affected by food level; however, the 2 last stages were. This indicates that the concentration below which development is limited by food varies with stage and is higher for the oldest copepodites. Food concentration also influenced the length, the total and structural weight and the growth rates of all copepodite stages, as was found by Escribano & McLaren (1992) (but structural weight was not dependent on the food quantity in their study) and by Escribano et al. (1997) . As expected (Vidal 1980 , Diel & Klein Breteler 1986 , the food concentration below which growth is limited (called the 'critical concentration', Cc) is higher than the one limiting development since the food level did not influence the durations of the first 3 stages. Moreover, Richardson & Verheye (1999) showed that the Cc for growth varied with stage; the older the stage, the higher the Cc. In general terms, these authors established a positive relationship between Cc and copepod size (i.e. the size of different developmental stages or species; see also Hirst & Lampitt 1998 , Hopcroft et al. 1998b . Such a phenomenon explains why in our experiments the effect of food quantity becomes more pronounced with stage.
The high food concentration that we used represented excess food since our estimates of stage duration were similar to those found by Thompson (1982) for Calanus helgolandicus and/or C. finmarchicus held individually at excess food at 14.5°C, and to those estimated using the Belehrádek function established by Corkett et al. (1986) . Our low concentration appears to be close to the limiting food concentrations encountered in the field since our estimates of length and weight correspond to the lower range of the values reported by Bottrell & Robins (1984) on field animals sampled in summer (temperature ~15°C) in the Celtic Sea. Some of the CIV, CV and adults of C. helgolandicus collected off Plymouth at a similar temperature were even smaller and lighter than those from our Cohort L (unpubl. data). In the field, the individual variability is high, probably because individuals from 1 population can encounter very different food concentrations due to a patchy distribution of the food (Båmstedt 1988) .
Our study shows an increase in female weight during the first 10 d of adult life (particularly for the females of Cohort L, Fig. 3 ). This increase is certainly due to an increase in feeding activity to complete gonad maturation (Rey et al. 1999 ). This initial growth of the female is not expected to occur in every copepod species. It is more common to find a drop in female weight after moulting (as, in fact, also occurred with our females but only after the first 10 d, see Rey-Rassat et al. 2002, this volume) . This drop in female weight occurs particularly in large copepod species with lipid reserves, which build eggs from internal resources (Evanson et al. 2000) . Moreover, the period during which females have a positive growth must vary with species. For those which have a relatively long adult lifetime (e.g. Calanus), the weight increment is certainly more apparent since it occurs over a longer period than for those which have a shorter lifetime (e.g.
Centropages).
Interesting results were found for the sex ratio of both cohorts. As found by Hygum et al. (2000) for Calanus finmarchicus, the percentage of males was higher in the cohort reared at the highest food concentration. Such results have been further analyzed by Irigoien et al. (2000) who suggested that the sex determination is not strictly genetic, but depends on the copepodite growth rate.
In our study, we were able to estimate the influence of food quantity on the GGE. Interestingly, in Cohort H, GGE remains around 30% throughout the copepodite stages, which is a common value in the literature (Kiørboe et al. 1985 , Straile 1997 . In other words, each copepodite stage of Cohort H would invest the same amount of food ingested in relation to their respective weight, for their growth. This is not the case in Cohort L, where the GGE is higher for copepodites CI to CIII, and there are important differences between stages. These results indicate that at low food concentrations early copepodites can somehow adjust their metabolism to reduce the consequences of food limitation, whereas this ability seems to be reduced in Stages CIV and CV. It is possible that the accumulation of lipids and gonad maturation are more constraining processes where resources cannot be allocated to different pools to improve GGE. Our values of GGE for Cohort L are higher than those found by Paffenhöfer (1976) on Calanus pacificus (food level 40 µg C l -1 ) in Stages CI, CII and CIII but fit quite well in the case of Stages CIV and CV.
Moulting processes
One of the benefits of the intensive sampling in our study is that we were able to characterize the weight increment within a stage in order to better appreciate the internal dynamics of the species. Carlotti et al. (1993) proposed (through a conceptual model) that at excess food, animals moult when reaching a critical structural weight, which depends on the temperature. According to our results, it is clear that this is also dependent on the food conditions (see also . We have used our data to determine an index that could indicate the position of an individual within the moulting cycle of its stage (governed through hormonal processes, Skinner 1985) and which would be independent of the origin of the animals. Miller et al. (1990) have proposed a similar approach using the tooth formation of 2 calanoid copepods, 'tooth-stages', that can be used to determine the position of an individual within its development in 1 stage.
On the basis of the model proposed by Carlotti et al. (1993) , we can imagine that moulting is activated once a certain threshold concentration of a molecule (e.g. protein since it is known to be a determinant in growth processes) is reached. This threshold level in protein would be a function of the feeding history of the individuals, and therefore, of their size characteristics. The condition factor (CF), which is the ratio of the carbon or nitrogen weight to the cubic length of a particular stage (Durbin & Durbin 1978) , could be used as an index to represent this phenomenon. In Fig. 7 , we have considered values of the CF calculated using the minimum weight (at the beginning of the stage) and the maximal one (at the end of the stage). We observed a strong increase of the CF between the beginning and the end of a stage. Interestingly, when the CF is estimated from the nitrogen weight (CF N ), the initial or final values are relatively similar in both cohorts.
Results found by Campbell et al. (2001) suggest that CF N is dependent on food concentration but not on temperature. However, these authors did not distinguish initial and final CF N values, which means that their mean value of the CF N estimated for Stage CV at each food concentration may have been influenced by the fact that individuals were not sampled equally during the whole stage duration. By assuming that environmental conditions do not greatly influence the CF N , CF N measured on in situ Calanus helgolandicus can be compared to values that we found; this enables the position of the wild individuals within their stage to be determined. For instance, it could be very helpful to know whether the weight of a stage estimated from in situ individuals is an adequate value of its mean weight (in the case of an asynchronous cohort; the value of CF N is an intermediate between the minimum and maximum values that we found for this stage in our experiments) or whether it is a biased value (in the case of a synchronous cohort; the value of CF N is close to our minimum, i.e. individuals that enter the stage, or close to our maximum, i.e. individuals that will leave the stage soon). Hence, when the mean weight of wild individuals appears to be biased, the estimate of the growth rate with Method I has to be considered with caution (Rey-Rassat et al. unpubl.) .
CONCLUSION
This study provides detailed information on physiological parameters of 2 cohorts reared at different food levels, enabling us to test the impact of food concentration on these parameters: (1) Development times were not synchronous and were affected by the food concentration for Stages CIV and CV but not for the younger stages. Our results suggest that the food concentration below which the growth is limited (called the 'critical concentration', Cc) is higher than that limiting development. (2) Differences between weight (or body size) of individuals from both cohorts increased with stage, mostly because of a much more pronounced lipid accumulation at high food concentration. (3) Growth rates were better described using a new method based on the initial weight of each stage. This method enabled the influence of food concentra- tion on growth and lipid accumulation through stages to be demonstrated. Females after moulting were characterized by a low growth. (4) While GGE remained around 30% through the copepodite stages in Cohort H, it varied strongly in Cohort L. At low food concentrations, early copepodites can somehow adjust their metabolism to reduce the consequences of food limitation, whereas this ability seems to be reduced in Stages CIV and CV. And finally (5) an index used to indicate the position of an individual within its stage is proposed. Its value is independent of feeding history of the individual and is calculated from length and weight measurements. Such an index could be useful to establish the status of CVs sampled in the field.
